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A major goal in treating T1D is to reestablish normal glucose homeostasis. For almost a century this has been accomplished by insulin treatment, but recent work in rodents has shown that euglycemia can be achieved in the absence of insulin, notably through the use of leptin (36, 69, 74) . We demonstrated another alternative for restoring euglycemia in diabetic mice independent of insulin (26 -28) . Brown adipose tissue (BAT) transplants placed in the subcutaneous space of streptozotocin (STZ)-diabetic mice result in weight gain, replenishment of subcutaneous white adipose tissue (WAT), return to euglycemia, and reversal of clinical diabetes with no contribution from insulin (27) . Glucose homeostasis appears to be achieved by a chronic equilibrium of alternative hormones arising from newly formed subcutaneous WAT. The present study was aimed at extending the technique to mouse models of autoimmune diabetes more closely related to human T1D and documenting the mechanisms of insulin-independent glycemic regulation brought about by BAT transplants.
RESEARCH DESIGN AND METHODS
BAT transplants were performed as described previously (27) in nonobese diabetic (NOD) mice or STZ-induced diabetic C57BL/6 mice. Although most of the experiments were performed on NOD recipients, a few were repeated on C57BL/6 recipients for comparison purposes. Donor adipose tissue came from gestational age E15-E18 C57BL/6 embryos. Weight was recorded, and nonfasting blood samples were collected before and at regular intervals after BAT transplants (i.e., every week for the 1st month following transplant and every month thereafter) compared with normal nondiabetic control mice and untreated diabetic control mice with or without sham surgery. Intraperitoneal glucose tolerance tests were performed before and after BAT transplants. Metabolic parameters such as blood glucose, insulin, adiponectin, leptin, glucagon, and IGF-I and plasma inflammatory markers such as IL-6 and monocyte chemoattractant protein-1 (MCP-1) were measured from transplant and control groups at regular intervals. BAT transplant mice were euthanized at different time points after 3 mo, and tissues were collected postmortem. Pancreata were tested for insulin content by immunohistochemistry and radioimmunoassay (RIA), and WAT was examined for signs of inflammation by immunohistochemistry. In a separate set of NOD mice, glucose uptake by peripheral tissues in the presence and absence of BAT transplants was monitored with glucose clamp studies.
Animals. Recipients of the curative BAT transplants were female NOD mice (stock no. 001976; Jackson Laboratories) or STZ-treated C57BL/6 males (Harlan) at 4 -6 mo of age. Recipients of preventive BAT transplants were female NOD mice at 8 -10 wk of age. Donor embryonic BAT was obtained from C57BL/6 embryos at gestational age E15-E18. Parents were purchased from Harlan and maintained in the Vanderbilt Animal Care Facility. Animals were fed standard laboratory chow and cared for according to the guidelines of the Vanderbilt Institutional Animal Care and Use Committee, which approved our study.
Isolation of donor tissue. Pregnant females were anesthetized with ketamine-xylazine (110:10 mg/kg ip). A bilateral subcostal incision was made and extended by a midline transverse incision to expose the abdominal cavity. Uterine horns were exposed one at a time. Starting near the ovary, a longitudinal incision was made along the uterine horn. Embryos were removed quickly and placed in sterile, ice-cold Hanks' balanced salt solution (HBSS). The mouse was immediately euthanized by cervical dislocation. The embryos were rapidly dissected with Dumont forceps, and the embryonic BAT from the interscapular region was removed and placed in sterile, ice-cold HBSS and transplanted into recipients as quickly as possible.
Transplantation. Freshly isolated embryonic BAT was transplanted into diabetic recipients underneath the skin of the dorsal body surface. Through a small (1-2 mm) incision, a subcutaneous pocket was made by blunt dissection using a blunt-ended microspatula. Donor tissue was introduced into the pocket with Dumont forceps and pushed in with a blunt-ended microspatula. The incision was closed by gentle pressure with hemostats without sutures. Four to six lobules of embryonic BAT were introduced into each recipient. Surgeries were performed under general anesthesia with ketamine-xylazine (110:10 mg/kg ip), and postoperative analgesia is provided with 10 mg·kg Ϫ1 · day Ϫ1 sc ketoprofen as necessary. Metabolic parameters. NOD mice with fasting blood glucose levels Ͼ200 mg/dl were selected as curative transplant candidates, whereas preventive transplants were performed on normoglycemic NOD mice prior to onset of diabetes. The possibility of spontaneous return to euglycemia was controlled by monitoring plasma insulin levels and pancreatic insulin content postmortem. Only those mice that showed progressively declining plasma insulin levels and drastically low pancreatic insulin content were included in the study. Blood samples were collected from a tail nick under isoflurane-oxygen anesthesia for measurement of glucose, insulin, and other hormones. Intraperitoneal glucose tolerance tests were performed before and after transplant. Intraperitoneal glucose tolerance tests involved blood collection from 6-h-fasted mice prior to (0 min) and 15, 30, 60 , and 120 min after ip injection of sterile glucose (2 g/kg body wt; Sigma) under isofluraneoxygen anesthesia. Basal nonfasting blood samples were also collected before transplant at weekly intervals after transplant for the first month and at monthly intervals thereafter. Plasma samples were analyzed for insulin, adiponectin, leptin, glucagon, and IGF-I, as well as the proinflammatory cytokines IL-6 and MCP-1, with Luminex assays at the Vanderbilt Hormone Assay Core.
Postmortem tissue collection. Nonfasted mice were euthanized at different time points between 3 and 9 mo after transplantation, and adipose tissue and pancreas were harvested for histology and insulin measurements. The whole pancreas and the WAT from the subcutaneous space of the dorsal body surface were collected from BAT transplant groups as well as normal and diabetic control groups. Pancreata were washed in PBS, blotted to remove moisture, weighed, and placed in acid ethanol for extraction of insulin. For histological analysis, tissues were preserved in 10% neutral buffered formalin.
Pancreatic insulin content. Pancreata were homogenized in acidethanol and placed on a shaker at 4°C for 48 h. Tissue extracts were centrifuged for 30 min at 4°C at 2,500 rpm, and supernatants were collected and analyzed for insulin with radioimmunoassay.
Histology. Histological sections of pancreata were immunostained for insulin and glucagon, and adipose tissue sections were immunostained for IGF-I. To verify the inflammatory status of adipose tissue, histological sections were immunostained for the general macrophage marker F4/80 and M2 macrophage marker CD206. Immunohistochemistry was done in pancreata from four mice in the transplant group and two in each control group. Fifteen to 20 sections from each mouse were examined before it was concluded that there was no detectable insulin staining in the transplant group.
Glucose clamp studies. One-day hyperinsulinemic euglycemic clamps were performed at the Vanderbilt Mouse Metabolic Phenotyping Center (MMPC), using established protocols (3, 6, 35, 44, 59) . Briefly, NOD successful transplant recipients and untreated diabetic controls were outfitted with carotid and jugular catheters for blood sampling and administration of compounds and allowed to recover for 1 wk. During the clamp, [ 3 H]glucose was infused throughout the experiment, and a bolus of 2-[ 14 C]deoxyglucose was administered at 120 min. Blood samples were collected every 10 min for measurement of blood glucose levels and endogenous glucose production. Tissues were collected postmortem for assessment of glucose uptake by peripheral tissues. Since NOD mice tend to develop diabetes after 12 wk, it was not possible to set up an age-matched normal nondiabetic control group for the confirmed successful transplants whose age is Ͼ6 mo. Therefore, we used untreated diabetic controls of similar age as controls and stabilized glucose at the diabetic level during the clamps. Mice from the same batch were divided into transplant and control groups; transplants were placed soon after they developed diabetes with blood glucose Ͼ200 mg/dl, and transplant success was confirmed by blood glucose going below 150 mg/dl within 2 wk posttransplant and being maintained for Ն2 wk. Successful transplant recipients were sent to the MMPC 2-3 wk posttransplant, and clamps were performed 1-2 wk thereafter. The untreated control mice were sent to MMPC 2-3 wk after developing diabetes, and clamps were performed 1-2 wk thereafter.
Animal numbers and success rates. Out of 90 NOD mice involved in the study, 26 were removed due to death during anesthesia or soon after recovery. Out of a total of 30 that received curative BAT transplants, 16 recovered from diabetes (successful transplants), whereas 14 did not (failed transplants), providing a 53% success rate. The initial set of curative BAT transplants included 20 mice, of which 10 were cured and 10 failed. Measurements of blood glucose and hormone levels over time were obtained from this first batch of transplants compared with failed transplants and untreated diabetic controls. Based on the results, we decided to perform glucose clamp studies, for which purpose a second set of 10 BAT transplants was done. This batch yielded six successful and four failed transplants. The second set of six successful transplants was sent to the MMPC for glucose clamp studies ϳ2-3 wk posttransplant so that their blood parameters over time could not be recorded. Thus, although 16 of 30 curative transplants were successful, blood glucose and hormone measurements are available only for the first set of 10. The successful transplants achieved euglycemia within 2 wk of transplant and remained euglycemic until euthanasia at different end points ranging from 3 to 9 mo.
As described in the previous study, STZ-diabetic recipients of BAT transplants show a 70% success rate on average. In the current study, a total of 12 STZ-induced diabetic mice received transplants; nine of those recovered from diabetes and three did not, providing a 75% success rate. Of the 12 NOD mice that received preemptive transplants, one was removed due to persistently high insulin levels. Onset of diabetes was prevented or delayed in nine recipients. Out of 12 NOD mice who received sham surgeries, two were removed due to persistently high insulin levels.
The largest amount of perisurgery mortality was among the untreated diabetic control group involved in the glucose clamp study. The placement of carotid and jugular catheters is a relatively invasive procedure with an expected mortality rate of 50% in general. In the glucose clamp study, our BAT transplant recipients showed a 50% mortality rate, as expected (3 of 6), whereas the untreated diabetic control group had a 76% mortality rate (10 of 13). Of the rest, five mice died under anesthesia before BAT transplants could be placed, two more died within 1 day from surgery, and another five mice from the untreated diabetic group died before any blood parameters could be collected.
Statistical analysis. Values are expressed as means Ϯ SE. Specified groups in each experiment were compared using Student's t-test.
RESULTS
Around 12 wk of age, NOD female mice develop spontaneous diabetes with rapid progression, and if untreated they die within 2 mo from the onset of diabetes. Curative BAT transplants resulted in the rapid and complete reversal of diabetes in 53% of the recipients (16 of 30) . Whereas the success rate was lower than that generally observed with STZ-diabetic mice (70%), reversal of diabetes occurred much faster in NOD mice, and glucose tolerance was restored to normal.
Diabetic NOD mice have basal nonfasting blood glucose Ͼ200 mg/dl, which quickly rises to Ͼ600 mg/dl within weeks. Successful BAT transplants are defined as those diabetic mice whose basal blood glucose levels decrease and stay below 150 mg/dl at any time following transplant. The successful transplant group showed rapid reversal of diabetes and marked improvement of glucose homeostasis ( Fig. 1 ). These mice became euglycemic within 1 wk after receiving a BAT transplant and remained euglycemic until planned euthanasia at time points ranging from 3 to 8 mo (Fig. 1, A and B) . This is in stark contrast to untreated diabetic control mice, which became severely hyperglycemic and had to be euthanized within 1-2 mo from the onset of diabetes (Fig. 1A) . Thus, although the success rate is less, the quality of success is better with the NOD model than we observed previously with STZdiabetic C57BL/6 mice. The severe weight loss associated with T1D is also reversed by BAT transplants. Similarly to the STZ-diabetic mice, as reported before (27) , transplant recipients progressively gain weight and sometimes exceed the weight of their normal counterparts (Fig. 1D) . The NOD control group included in Fig. 1D could not be age matched to the transplant recipients because most NOD mice develop diabetes after at 4 mo of age. However, it is noteworthy that the average body weight of the successful NOD transplant recipients at the 8-mo time point (31.8 Ϯ 1.5) is significantly different from normal female C57Bl/6 mice of equivalent age (27.375 Ϯ 0.7).
These results are independent of insulin, as indicated by drastically low levels of plasma insulin and nearly undetectable pancreatic insulin content postmortem (Fig. 2, A and B) . Pancreatic sections in diabetic control mice have little immunostaining for insulin, whereas successful transplant recipients who remained euglycemic for 6 mo show none at all (Fig. 2C ). As reported previously with STZ-diabetic models, there is strong suppression of glucagon and a progressive increase in plasma levels of IGF-I (Fig. 3) . The steepest changes in both Fig. 1 . Brown adipose tissue (BAT) transplants (TP) restore glucose homeostasis and body weight in nonobese diabetic (NOD) mice. A: nonfasting blood glucose levels before and at weekly intervals following BAT TP compared with untreated diabetic controls. Successful TP recipients () achieve and maintain euglycemia within 1 wk from TP, whereas diabetic controls (OE) and failed TP (OE) become progressively hyperglycemic; n ϭ 10. *P Ͻ 0.005 when the successful TP group is compared with other groups at corresponding time points or with their own pre-TP values. B: nonfasting blood glucose levels at monthly intervals in the successful TP group compared with normal nondiabetic controls; n ϭ 10 at Յ2 mo, n ϭ 8 at 3-6 mo, and n ϭ 6 beyond 7 mo in the TP group; n ϭ 8 in the control group; *P Ͻ 0.005 when pre-TP time point is compared with each post-TP time point or with normal control. C: body weight before and at weekly intervals following BAT TP compared with untreated diabetic controls. Successful TP recipients maintain pre-TP weight, whereas diabetic controls and failed TP progressively lose weight; n ϭ 10. There was no significant difference between groups. D: body weight at monthly intervals in the successful TP group compared with normal nondiabetic controls; n ϭ 10 at Յ2 mo, n ϭ 8 at 3-6 mo, and n ϭ 6 beyond 7 mo in the TP group; n ϭ 8 in the control group. *P Ͻ 0.05 when post-TP values are compared with normal control or 5-and 8-mo time points are compared with pre-TP condition.
hormones occur during the first month posttransplant, during which time diabetes is reversed and euglycemia is established. Unlike with the STZ model, adiponectin did not show a strong and persistent increase in the NOD mice, and leptin did not show any significant increase.
T1D is characterized by severe loss of subcutaneous WAT as well as inflammation of what little WAT that remains. Recovery from diabetes following BAT transplants is associated with decrease in inflammation and robust replenishment of WAT (27) . Although NOD mice show immediate improvement in blood glucose, significant recovery of body weight occurs only after 4 wk posttransplant (Fig. 1) , whereas in STZ-diabetic mice both improvements take 2-4 wk (27) . Thus it is likely that stimuli from the BAT transplants trigger changes in the surrounding tissue that lead to adipogenesis, weight gain, secretion of beneficial adipokines, decreased inflammation, and improved glucose homeostasis. To determine which factor(s) is responsible for these functions in the early stages following transplant, we monitored the plasma levels of adipokines in the first 4 wk following BAT transplant. During this early period, plasma leptin shows no significant increase, plasma adiponectin shows a small but significant increase only in NOD mice, and plasma IGF-I shows a large and significant increase in both the NOD and STZ-treated groups (Fig. 4) . The increase in IGF-I is sharp and progressive, in stark contrast to the untreated diabetic controls and failed transplants, and continues to increase in the following months (Figs. 3 and 5) . Several studies show that metabolic disease is associated with decrease in IGF-I levels, whereas the underlying mechanisms are not yet known (54) .
The suppression of glucagon in the months following transplant is consistent in both NOD and STZ-diabetic mice (Fig. 3 ) (27) . In Fig. 5 , some values for the untreated diabetic group are missing due to inadequate sample volume and limitations of Luminex assays.
Recovery from diabetes is associated with replenishment of subcutaneous WAT and marked decrease in inflammation. As described previously, adipose tissue from diabetic mice shows signs of inflammation, including large adipocytes, disruption of cell membranes, and increased expression of inflammatory markers such as TNF␣ and IL-6 (27) . These signs are absent in the adipose tissue of BAT transplant recipients who are euglycemic. As recent studies show, residential M2 macrophages are a more specific indicator of decrease in adipose tissue inflammation (16, 18) . Subcutaneous WAT of transplant recipients shows increased amounts of residential M2 anti-inflammatory macrophages that are almost undetectable in normal and diabetic controls (Fig. 6 ). T1D is also characterized by inflammation of endogenous BAT with excessive macrophage infiltration and shrinkage of adipose tissue, which is reversed following BAT transplant (data not shown).
T1D is associated with generalized systemic inflammation as well, as indicated by increased plasma levels of proinflammatory cytokines such as IL-6 and MCP-1. Following BAT transplant in both STZ-diabetic and NOD models, plasma inflammatory markers progressively decrease with time, in direct negative correlation with the progressive increase in IGF-I (Fig. 6 ). Thus it is likely that the adipogenic and anti-inflammatory properties of IGF-I enable the early decrease in inflammation and proliferation of WAT, which in turn would secrete other beneficial adipokines that collectively compensate for the function of insulin. The untreated diabetic group and the failed transplant group were severely hyperglycemic by 4 wk and either died or had to be euthanized soon after. Therefore, monthly values for inflammatory markers could not be collected for these groups. As with glucagon, the values for IL-6 and MCP-1 in the first 4 wk showed no significant difference between the three groups. The initial source of IGF-I may be the transplanted embryonic BAT, since freshly isolated BAT shows abundant expression of IGF-I (Fig. 7, top) . However, both the transplanted BAT as well as the new WAT in the region surrounding transplant continue to express IGF-I for several months posttransplant (Fig. 7, middle) . Such expression of IGF-I appears to be unique to transplant recipients, as the WAT in normal and diabetic controls expresses little or no IGF-I (Fig. 7, bottom) .
As indicated by the significantly greater glucose infusion rates required during euglycemic clamp, BAT transplant recipients exhibit more efficient glucose handling (Fig. 8) . Their endogenous glucose production was low, as were basal glucose levels. Glucose is taken up not only by the liver but also by muscle (vastus lateralis), brown adipose tissue, and heart (Fig.  8) , confirming the findings of recent studies on adult BAT transplant (62) .
Fourteen of 30 transplants (47%) failed to reverse diabetes. The failed transplant mice became progressively hyperglycemic, similar to the untreated diabetic control groups, and had to be euthanized within 6 wk. A comparison of their blood parameters with the successful transplant group showed an early decline of plasma leptin, adiponectin, and IGF-I levels (Fig. 5) , confirming the importance of these hormones in insulin-independent glucose regulation. There was no correlation between transplant success and the amount of BAT transplanted (which was roughly similar for each recipient) or the gestational age of donor tissue (E15-E18). A factor that appeared to influence the outcome was the time between the isolation of donor tissue and transplantation into the recipient.
Each pregnancy would yield donor tissue for two to three transplants. Freshly isolated embryonic BAT was placed in ice-cold HBSS and transplanted into each recipient as soon as possible. In our experience, the first recipient from each set (who received the transplant within 10 min of isolation) was more likely to recover from diabetes than the second or third recipients, who received tissue within 15-20 min from isolation.
To determine the ability of BAT transplants to prevent or delay the onset of diabetes, transplants were performed on normoglycemic NOD female mice at 7-10 wk of age prior to onset of diabetes. This group of preventive BAT transplant recipients was compared with an age-matched control group that received sham surgeries at 7-10 wk of age. Three of 24 mice were removed from the study due to persistently high plasma insulin levels, and only those NOD mice showing progressively declining plasma insulin and drastically low pancreatic insulin content postmortem were included in the study. All mice in the control group who received sham surgeries became diabetic soon after 12 wk of age, as is typical of NOD mice, and showed progressive hyperglycemia (Fig. 9) . Of the 11 recipients of preventive BAT transplants, five remained euglycemic beyond 6 mo, two became diabetic around the same time as the sham surgery group, and four became diabetic after 3 mo posttransplant, considerably later than the sham surgery group. There were significant differences when the mean blood glucose values of the transplant group were compared with those of the sham surgery group as well as when several corresponding time points were compared between the two groups. (Fig. 9) Other hormones showed progressive changes similar to those observed in curative transplants, although the increases in plasma leptin and adiponectin were not significant. IGF-I levels showed a progressive and significant increase, in contrast to low or decreasing levels in the control group (Fig. 9) . The decline of IGF-I in the sham sugery group was not as pronounced as in the untreated diabetic controls or failed transplants observed earlier (Fig. 5) , likely because the sham surgery group was in the beginning stages of diabetes.
To determine whether the increase in IGF-I was mediated through the GH-IGF-I axis, we compared plasma growth hormone (GH) levels of the remaining NOD transplant recipients at 8 -9 mo of age with 2-to 3-mo-old normal nondiabetic NOD mice (Fig. 10) . The average GH level in younger mice was significantly greater (7.5 Ϯ 1.6 ng/ml) compared with the transplant recipients, who were older by several months (2.4 Ϯ 0.18 ng/ml). It is noteworthy that the predictable decline of GH with age was observed in the transplant group despite the increase in IGF-I. The GH levels in the transplant group also showed a progressive decline over the 3 mo tested, although this decrease was small and not significant. According to these preliminary results, the increase in IGF-I occurs independent of the GH axis. This conclusion is supported by the observations in a recent study in humans where diet-induced correction of type 2 diabetes (T2D) was associated with increased IGF-I without an increase in GH (20) .
DISCUSSION
The current data confirm the results of our previous work and establish the feasibility of reversing and preventing autoimmune T1D independent of insulin. As previous studies show, chemically induced models of insulin-deficient diabetes retain some ability to regenerate ␤-cells (25, 73) . Thus, even with drastically low plasma insulin levels and pancreatic insulin content, as reported in our earlier studies (26 -28) , the possibility of some contribution from insulin could not be discounted. The autoimmune-induced NOD mouse model helps minimize the possible contribution from insulin. NOD mice show severe and irreversible insulitis resulting in absolute deficiency of insulin. Plasma insulin levels in NOD mice progressively decrease, and pancreatic insulin postmortem is undetectable in both failed and successful transplants, which is in stark contrast to nondiabetic control animals (Fig. 2) . Average plasma insulin levels in transplant recipients (857.71 Ϯ 89.23) are not significantly different from those of untreated diabetic controls (956.46 Ϯ 284.02), whereas glucose uptake and utilization are remarkably more efficient, as demonstrated in the glucose clamp studies (Fig. 8) . Thus the reversal of diabetes and long-lasting euglycemia in NOD mice following BAT transplants cannot be attributed to residual insulin alone.
An increase in insulin sensitivity may still play a role in addition to insulin-independent mechanisms, considering that BAT transplant recipients show increased glucose uptake in the heart and decreased hepatic glucose output (Fig. 8) . Since early placement of BAT transplants can prevent or delay the onset of diabetes, it is likely that the autoimmune response is decreased by the BAT transplant, as evidenced by consistent suppression of proinflammatory cytokines such as IL-6 and MCP-1.
As reported previously with STZ-diabetic models, it appears that a chronic equilibrium of alternate hormones originating from adipose tissue replaces the function of insulin. The STZ model shows progressively increasing leptin and adiponectin levels, increases that are particularly pronounced at 6 mo posttransplant (27) . In the NOD model the increase in adiponectin was not very pronounced, whereas leptin showed no significant change. (Figs. 3 and 4) . Both models showed a significant increase in IGF-I and suppression of glucagon. IGF-I levels start out below 100 ng/ml in both models and increase to 200 -250 ng/ml. This increase happens rapidly in the NOD model, with a steep increase during the first month, and slowly and progressively in the STZ model (data not shown). Thus it appears that a combination of endogenous Fig. 8 . Glucose uptake and metabolism are more efficient in BAT TP recipients. Hyperinsulinemic euglycemic clamps performed on NOD successful TP recipients and untreated diabetic controls. Glucose infusion rate (B) is significantly higher in the TP group compared with diabetic control group, whereas blood glucose (A) and endogenous glucose production (C) are significantly lower. D: glucose uptake by peripheral tissues. In the TP group, glucose uptake by the heart and BAT were significantly higher than in the control group, whereas the other tissues showed no difference; n ϭ 3. A: P Ͻ 0.03 from Ϫ20 to 40 min. B: P Ͻ 0.0001 for all time points. C: P Ͻ 0.01 from Ϫ20 to 0 min, P Ͻ 0.08 from 80 to 120 min. D: P Ͻ 0.0001 for BAT, P Ͻ 0.07 for heart. Fig. 9 . BAT TP prevent the onset of diabetes in NOD mice. TP were performed on normoglycemic NOD female mice at 7-10 wk of age prior to onset of diabetes. Blood parameters were compared with a control group that received sham surgeries at 7-10 wk of age. Blood glucose (A), body weight (B), plasma insulin (C), and plasma IGF-I (D) before and at monthly intervals following BAT TP compared with sham surgery group; n ϭ 11 for BAT TP group, n ϭ 10 for sham surgery group. *P Ͻ 0.05 when blood glucose values are compared between groups at 1-, 4-, and 5-mo time points and when plasma IGF-I values are compared at 1-3 mo; **P Ͻ 0.02 when the mean glucose values in the BAT TP group over time are compared with those of the sham surgery group.
hormones are important for both models, where adiponectin and leptin are predominant in the STZ model and IGF-I is predominant in the NOD model.
Inflammation is an innate characteristic of T1D, as it is with other metabolic disease such as obesity, insulin resistance, and T2D (2, 5, 11, 13, 40, 43, 60, 64) . Recovery from metabolic disease is associated with decreased inflammation, both systemic and in adipose tissue (17, 37, 52, 55, 57, 58, 67, 78) . Insulin-independent reversal of T1D following BAT transplants follows a similar pattern, resulting in a progressive decrease in inflammation both systemically and in adipose tissue (26 -28) . Important changes include suppression of glucagon, progressive decrease of proinflammatory cytokines, replenishment of healthy adipose tissue, and progressive increases in plasma adiponectin, leptin, and IGF-I. Among the earliest changes following BAT transplant placement is a sharp increase in IGF-I, which continues to stay elevated in direct negative correlation with glucagon and proinflammatory cytokines such as IL-6 and MCP-1 (Fig. 6) (28) . As the literature shows, IGF-I has strong adipogenic and anti-inflammatory properties (21, 24, 30, 32, 66, 70, 75, 80) , as does adiponectin (14, 47, 63, 68) , whereas leptin is known to be proinflammatory and adipolytic (7, 14, 47) . IL-6, another cytokine known to have proinflammmatory and adipolytic properties (34, 40, 42) , was also consistently decreased following BAT transplants. Considering the net increase in body weight observed in all mouse strains following BAT transplants (Fig. 2) (27) , adiponectin and IGF-I are likely to exert stronger effects on the overall equilibrium. Other reported benefits of IGF-I include repair of damaged tissue, inhibition of apoptosis, improved wound healing, angiogenesis, and cell proliferation (4, 12, 21, 30, 32, 39, 66, 70, 75) , all of which are important in the regeneration of healthy adipose tissue in T1D.
IGF-I is abundantly expressed in freshly isolated embryonic BAT. Once the transplant is placed in the subcutaneous tissue, both the BAT transplant and the WAT near the transplant continue to express IGF-I for months, in contrast to normal and diabetic controls, which express little or none (Fig. 7) . A possible result of this early increase in IGF-I is the characteristic weight gain and replenishment of WAT that occurs 1 mo posttransplant, accompanied by the progressive decrease in proinflammatory cytokines that shows a direct negative correlation to IGF-I levels (Fig. 6) . The importance of IGF-I is further implicated by the fact that failed transplants show a progressive decrease in IGF-I (Fig. 5) , and one successful transplant mouse that reverted to diabetes at 8 mo showed a sudden concomitant drop in IGF-I along with marked increases in glucagon, IL-6, and MCP-1 (data not shown). Thus IGF-I appears to be critical in establishing and maintaining metabolic homeostasis in the absence of insulin. Unlike the observations in recent studies with adult BAT transplants (81), our embryonic BAT transplants could not be distinguished after the first month posttransplant with either the naked eye or microscopy. Possible reasons are the small size of the embryonic BAT and the likelihood that it blends into newly formed subcutaneous WAT in the surrounding region.
In addition to decreasing inflammation and stimulating regeneration of new WAT, IGF-I may also contribute to glucose homeostasis through insulin-independent glucose uptake into peripheral tissues via GLUT1 and GLUT3 glucose transporters (9, 15, 82) as well as direct activation of the insulin receptor. There is considerable structural similarity between the receptors for insulin and IGF-I (29, 38) . As shown previously, acute inhibition of insulin receptor partially impairs glucose tolerance in BAT transplant recipients, indicating a direct action of IGF-I in glucose metabolism (27) . Recent studies show that metabolic disease is associated with subnormal IGF-I levels and that diet-induced reversal of T2D is accompanied by an increase in IGF-I levels (20, 54) .
Given the aforementioned beneficial effects of IGF-I, it is a reasonable speculation that exogenous administration of IGF-I may mimic the effects of BAT transplants. However, human studies with recombinant IGF-I treatment, although beneficial in alleviating diabetes and insulin resistance, require supraphysiological doses that carry many harmful side effects (1, 8, 50, 51, 53, 65) . Also, reversal of diabetes was not complete or permanent, and concomitant insulin therapy is required in addition to IGF-I. A recent study on NOD mice demonstrates that administration of the adenovirus vector-mediated IGF-I gene showed no significant reduction in insulitis, blood glucose, or body weight (77) . Another study where recombinant human IGF-I was administered to T2D mice shows some decrease in blood glucose through decreased hepatic gluconeogenesis but no improvement in insulin sensitivity or glucose tolerance (49) . Based on these data, it appears that monotherapy with IGF-I would not be adequate to reproduce the results of BAT transplants, which may exert their effects through a combination of embryonic factors in addition to IGF-I. Our current data indicate IGF-I plays a major role in this equilibrium, whereas all other factors involved are as yet unidentified. Our future directions include identifying such factors using mass spectrometry on media conditioned with freshly isolated BAT and verifying the importance of IGF-I by transplanting donor BAT from an IGF-I knockout model.
The importance of BAT in metabolic homeostasis has been reported in a number of studies that consistently demonstrate the ability of BAT to improve glucose homeostasis and energy expenditure and decrease obesity (10, 22, 23, 56, 61, 62, 71, 76) . Recent studies show promise in adult BAT transplants in alleviating T2D and obesity. Glucose tolerance in diet-induced obese mice is significantly improved through transplantation of inguinal fat pads from healthy donors into the subcutaneous space of recipient mice (62) . High-fat diet-induced obesity and insulin resistance in mice were reversed by visceral or subcutaneous transplantation of healthy adult BAT in addition to improvements in glucose tolerance, insulin sensitivity, and fat mass (81) . Mechanisms include increased glucose uptake into peripheral tissues, increased sympathetic activity, and elevated levels of BAT-derived signaling molecules such as fibrobast growth factor 21 (FGF21) and IL-6. An apparent difference in our findings is the weight gain following BAT transplants, as opposed to the widely known antiobesity effects of BAT. It should be noted, however, that BAT transplants lead to a healthy weight in the T1D recipients rather than obesity. Metabolic disease leads to unhealthy adipose tissue, the quantity of which tends to be sparse in T1D while abundant in obesity or T2D. BAT seems to convert unhealthy fat back to a healthy state in both situations. Stanford et al. (62) demonstrated a beneficial role for BAT-derived IL-6, where BAT transplants from IL-6 knockout donors failed to improve glucose homeostasis or reduce obesity in T2D recipients. In contrast we observed a progressive decrease in plasma IL-6 in T1D recipients who became euglycemic following BAT transplants, whereas untreated diabetic controls or failed transplants had high levels of IL-6. It is noteworthy, however, that the plasma levels of IL-6 in the successful transplant recipients observed by Stanford et al. (62) were similar to ours (20 -50 pg/ml), whereas the diabetic controls in each study were drastically different. T1D controls with or without sham surgery in our study showed higher levels of plasma IL-6, whereas T2D controls in the previous study (sham, bead, or WAT) showed lower levels of plasma IL-6. Thus, it is possible that a function of BAT is to normalize plasma IL-6 levels. It is also possible that embryonic BAT transplants may act differently from the adult BAT transplants used in the Stanford et al. (62) study. Adult BAT transplants have been unsuccessful in reversing T1D in our hands, indicating that correction of T1D requires a specific factor(s) derived from embryonic tissue.
Although the current data demonstrate the ability of BAT transplants to correct autoimmune diabetes without insulin, the success rates were less than reported previously (27) with STZ-diabetic models. Decrease in inflammation and regeneration of adipose tissue are critical processes in insulin-independent reversal of T1D requiring specific embryonic factors originating from the BAT transplant. It seems likely that failed transplants did not generate adequate amounts of anti-inflammatory and adipogenic factors to regenerate and maintain healthy adipose tissue. Plasma levels of IGF-I, adiponectin, and leptin in the failed transplant group showed a progressive decline, in sharp contrast to the successful transplants (Fig. 5 ). There may be other embryonic factors as yet unidentified that are also critical in tissue repair and regeneration and exerting the adipogenic and anti-inflammatory effects along with IGF-I. It is noteworthy that embryonic BAT only from C57BL/6 donors but not from NOD donors was successful in reversing T1D in NOD mice. Considering the innate widespread inflammation present in NOD mice, it is likely that their embryonic tissue lacks the critical factors present in C57BL6 embryos necessary to stimulate the healing processes. Future directions include identifying such factors and using exogenous administration of those factors to enable adult adipose tissue transplants to behave in a manner similar to embryonic BAT and correct diabetes. A likely candidate is FGF21, which is known to possess adipogenic and anti-inflammatory properties and is expressed in BAT and embryonic tissue. Other possible alternatives to embryonic BAT include BAT-derived stem cell lines, which have shown some success in reversing T1D in preliminary studies.
Although specific factors such as IGF-I and adiponectin are critical in insulin-independent reversal of T1D, safe and effective maintenance of glucose homeostasis requires a combination of endogenously generated hormones. Monotherapy with exogenous IGF-I, adiponectin, or leptin has been shown to be effective in reversing diabetes to varying degrees (1, 8, 14, 19, 31, 33, 36, 41, 45-51, 53, 65, 69, 74) . However, correction of diabetes was only partial in many of these instances, and monotherapy with any single hormone carries potentially dangerous adverse effects, as with insulin. In addition, there may be other important contributors to metabolic regulation originating from healthy adipose tissue that are as yet unidentified. Once the success rates of this technique are optimized and suitable alternatives to embryonic tissue are established, insulin-independent reversal of diabetes using adipose tissue can become a realistic option. 
